Introduction {#Sec1}
============

Recently, quite a few studies have appeared on the so-called "violation" of the interaction symmetry. Such a formal failure to comply with Newton\'s third law may arise, for example, when a particle subsystem in a medium is considered while the medium itself is indirectly taken into account through the potential of interparticle interaction, dissipative forces or as a source of particle kinetic energy. A striking example of such systems are some types of soft matter e.g., flowing colloidal suspensions^[@CR1]--[@CR6]^, active colloids^[@CR7]--[@CR11]^ and gas-discharge complex (dusty) plasmas^[@CR12]--[@CR23]^ where the geometry of interactions between particles plays a key role in the processes of self-organization, self-assembly, transfer and redistribution of energy, and nonequilibrium phase transitions. In addition to the fundamental physics that can be examined, the study of these systems is also of particular interest for nano- and micro-technological applications^[@CR24]--[@CR30]^.

The "non-fulfillment" of Newton\'s third law may arise due to different properties of dispersed phase particles suspended in a medium. For example, in active colloids, it happens due to different chemical reactions taking place on the surface of active colloidal particles in a solution^[@CR28]--[@CR30]^. As a result, a particle that is in a non-uniform chemical field created by a second particle will be affected by a diffusiophoretic force due to a chemical concentration gradient^[@CR7],[@CR8]^. If the particles themselves are of a different sort or, being identical, have a chemically bifunctional surface (i.e., Janus particles), then the symmetry of this interaction type between them will be broken. In dusty plasmas, the difference in the dielectric constant of charged spherical macroparticle in an equilibrium isotropic plasma leads to a nonreciprocal effective electrostatic interaction between them due to the different angular dependence of the space charge distribution near the surface of particles^[@CR31]^. The interaction between charged dust particles in an isotropic plasma can be also provided by forces of a nonelectrical nature, which are associated with so-called shadowing (i.e., scattering or absorption) of the ion or neutral gas fluxes towards one dust particle by another one^[@CR32]--[@CR34]^. For the particles of different sizes, the shadow interaction becomes nonreciprocal^[@CR35]^.

Non-reciprocity of interparticle interaction forces may also occur due to external forces causing flows of the medium surrounding the particles. For example, in colloidal suspensions, the flow of a colloidal solution of relatively closely spaced big colloidal particles can also lead to a violation of the interaction symmetry due to depletion or entropic forces^[@CR1],[@CR3]--[@CR5]^. In dusty plasmas, a strong electric field near the electrode leads to ion drift^[@CR36]^. When micron-sized particles are in a plasma with an ion flux, they acquire a significant negative charge (10^3^--10^4^ elementary charges) due to high electron mobility and can create a disturbed, positive spatial region (wake ion trail) in the ion flow direction^[@CR37],[@CR38]^. In this case, negatively charged dust particles experience both electrostatic repulsion from similarly charged neighboring particles as well as an effective attraction to the positive space charge arising in their wake.

Since the first theories and simulations of the wakes in complex plasmas were published by Vladimirov et al.^[@CR39]^ and Schweigert et al.^[@CR40]^, there have been hundreds of studies in the theoretical development of this theme. However, despite such a rich theoretical background, one of the important unsolved problems in complex plasmas is a direct experimental determination of the wake-mediated interparticle interaction forces.

The first attempts to analyze the wake-mediated interaction forces were undertaken by Takahashi et al.^[@CR41]^ and Meltzer et al.^[@CR42]^. By evaluating the dynamic responses of microparticles to laser manipulations it was shown that the behavior of particles in such systems is non-reciprocal. Later, Hebner et al.^[@CR43]^ using a gravity-driven dynamic probe and theoretical models of the electric fields and external forces acting on a system of dust particles, estimated the horizontal projection (perpendicular to the ion flow direction) of the attraction force of the wake on the dust particle.

Jung et al. attempted to study the longitudinal structure of the ion wake behind a dust particle using an approaching second particle as a probe^[@CR44]^. However, the authors concluded that for this case, an ion focus was formed not behind the dust particle, but only behind the probe.

Recently, Qiao et al.^[@CR45]^ proposed a non-perturbative method for determining the derivatives of the interaction forces, based on the scanning mode spectra (SMS) analysis of the particles' thermal motion. Unfortunately, this method does not take into account dissipative and random processes, which can result in significant measurement errors in the presence of non-reciprocity, even in a weakly dissipative system^[@CR46]^. However, it is much more significant that in both Refs.^[@CR44],[@CR45]^ the charge of the test particle is considered constant. As will be shown, this simplification can lead to large measurement errors.

This paper examines the forces of the nonreciprocal effective interaction between microparticles in a radio-frequency (RF) produced plasma sheath, depending on the buffer gas pressure and the discharge power, which determine the drift of the ion component and the structure of the wake-field. For this purpose, we use an experimental method based on an analysis of the spectral density of random processes. In contrast to previous investigations, our method does not require a special design of the experimental setup or any external perturbations of a system, pre-measurements of external fields or assumptions about the type of interaction.

Experimental setup {#Sec2}
==================

The experiments were carried out in a Gaseous Electronics Conference (GEC) RF reference cell having two 8 cm-diameter electrodes separated by a distance of 2.54 cm. The lower electrode was powered at 13.56 MHz while the upper ring-shaped electrode and chamber acted as ground. A 12.7 mm × 12.7 mm × 12.7 mm (height × length × width) glass box was placed on the lower powered electrode to create the electric potential needed to confine the dust particles (see Fig. [1](#Fig1){ref-type="fig"}a). Experiments were conducted in Argon plasma at 70, 136 and 280 mTorr employing rf powers of 1.9--14.3 W. Pair interparticle interactions were examined since they are well suited for study using a two-particle system, due to the fact that a consideration of collective effects is not required. To properly explore the ion wake, which is formed behind the particles downstream of the ion flow, the particles should be placed one below the other. In such a configuration, the lower particle represents a probe for measuring the wake-mediated force from the upper particle. In this case, a two-particle pair of 8.89 μm melamine formaldehyde (MF) particles was used to form a vertical chain within the glass box. All other particles were removed from the system by decreasing the rf power until only a two-particle vertical pair was left^[@CR47],[@CR48]^. A vertically fanned laser sheet illuminated the particles and side view images were recorded for 50 s using a HD camera at 250 fps. An image of the particles levitating in the glass box is shown in Fig. [1](#Fig1){ref-type="fig"}b. The resulting series of images was analyzed to obtain each particle's trajectory. A representative example of the particle trajectories obtained as a result of computer processing of the video of their motion are shown in Fig. [1](#Fig1){ref-type="fig"}c.Figure 1(**a**) Sketch of the experimental setup with a RF discharge. A 12.7 mm × 12.7 mm × 12.7 mm glass box placed on the lower electrode creates the electric potential needed to confine the microparticles. (**b**) The video frame with the image of the particles levitating in the glass box above the lower electrode under a pressure of 136 mTorr and RF power of 2.33 W. (**c**) The trajectories of the particles obtained as a result of computer processing of the video record of their movement for 1 s.

Results and discussion {#Sec3}
======================

The object of study can be considered as a stationary system of two interacting particles with indices 1 and 2 immersed in a dissipative medium and located in an external non-uniform force field $\documentclass[12pt]{minimal}
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The particle trajectories obtained in the experiments were processed using a fast Fourier transform. As a result, for each pair of values of pressure and power, spectral densities of oscillations of the particle coordinates ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{1}^{{{{(\upxi )}}}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{2}^{{{{(\upxi )}}}}$$\end{document}$) and their sums ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ + }^{{{{(\upxi )}}}}$$\end{document}$), as well as relative displacements of the particles ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ - }^{{{{(\upxi )}}}}$$\end{document}$) were obtained. Hereinafter, the lower particle will have the index 1, and the upper tilde will mean that the value is measured in the experiment. Also for definiteness, the Y axis is directed vertically (opposite to gravity), as shown in Fig. [1](#Fig1){ref-type="fig"}b. As a representative example, Fig. [3](#Fig3){ref-type="fig"} shows the spectral densities ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{1}^{{{{(\upxi )}}}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{2}^{{{{(\upxi )}}}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ + }^{{{{(\upxi )}}}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ - }^{{{{(\upxi )}}}}$$\end{document}$), obtained in the experiment at pressures of 70 and 136 mTorr and discharge powers of 4 and 14.3 W. For comparison, Fig. [3](#Fig3){ref-type="fig"} also includes schematic distributions of the corresponding spectral densities for particles interacting with a purely repulsive spherically symmetric potential. Spectral peaks correspond to oscillations at characteristic frequencies $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upomega }_{ - }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upomega }_{ + }$$\end{document}$. Note that the characteristic frequencies coincide with the eigen frequencies of the system at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nu \to 0$$\end{document}$. A weak peak at the low characteristic frequency $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upomega }_{ + }$$\end{document}$ in the spectra of relative displacements $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ - }^{{\text{(Y)}}}$$\end{document}$ along the vertical axis (see Fig. [3](#Fig3){ref-type="fig"}c) may occur due to the slight difference in the gradients of the external forces acting on the particles. The oscillation amplitudes at the high characteristic frequency $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upomega }_{ - }$$\end{document}$ of the lower and upper particles are significantly different (see the spectra $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{1}^{{{{(\upxi )}}}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{2}^{{{{(\upxi )}}}}$$\end{document}$). This is a sign of the inequality of the derivative forces with which the particles act on each other. The presence of a peak at the frequency $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upomega }_{ + }$$\end{document}$ in the spectrum $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ + }^{{\text{(X)}}}$$\end{document}$, as well as a pronounced peak at the frequency $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upomega }_{ - }$$\end{document}$ in the spectrum $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ - }^{{\text{(X)}}}$$\end{document}$(see Figs. [3](#Fig3){ref-type="fig"}a,b) indicates an effective attraction of the lower particle to the upper. Figure [3](#Fig3){ref-type="fig"} also contains graphs of approximating functions (see Eqs. ([7](#Equ7){ref-type=""}) and ([8](#Equ8){ref-type=""}) in "[Methods](#Sec4){ref-type="sec"}"), dependent on the parameters $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{21}^{{({\upxi })}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{12}^{{({\upxi })}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{1}^{{({\upxi })}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{2}^{{({\upxi })}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T_{1}^{{({\upxi })}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$T_{2}^{{({\upxi })}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nu$$\end{document}$ that provide the best agreement between the analytical curves and all experimentally measured spectral densities ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{1}^{{{{(\upxi )}}}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{2}^{{{{(\upxi )}}}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ + }^{{{{(\upxi )}}}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ - }^{{{{(\upxi )}}}}$$\end{document}$).Figure 3Spectral densities $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{1}^{{{{(\upxi )}}}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{2}^{{{{(\upxi )}}}}$$\end{document}$, $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ + }^{{{{(\upxi )}}}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\tilde{G}_{ - }^{{{{(\upxi )}}}}$$\end{document}$ of the oscillations of particles (**a**) in the horizontal direction ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upxi } \equiv {\text{X}}$$\end{document}$) for a gas pressure *P* of 136 mTorr and a discharge power *W* of 4 W; (**b**) -- $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upxi } \equiv {\text{X}}$$\end{document}$, *P* = 136 mTorr, *W* = 14.3 W; (**c**) in the vertical direction ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upxi } \equiv {\text{Y}}$$\end{document}$) at *P* = 70 mTorr, *W* = 14.3 W; and their analytical approximations by Eqs. ([7](#Equ7){ref-type=""}) and ([8](#Equ8){ref-type=""}) from "[Methods](#Sec4){ref-type="sec"}". For comparison, schematic distributions of the corresponding spectral densities for particles interacting with a purely repulsive spherically symmetric potential are shown in the inserts. Spectral peaks correspond to oscillations at characteristic frequencies $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upomega }_{ - }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\upomega }_{ + }$$\end{document}$. (Note that the characteristic frequencies coincide with the eigen frequencies of the system at zero friction.)

The normalized friction coefficient $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${\nu \mathord{\left/ {\vphantom {\nu P}} \right. \kern-\nulldelimiterspace} P}$$\end{document}$ obtained from the spectra is independent of pressure and discharge power and is equal to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1.38 \pm 0.08$$\end{document}$ s^--1^/Pa. An estimate made by the Epstein formula^[@CR49]^ for the diffuse reflection of the gas atoms on the particle surface^[@CR44]^ gives $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\nu /P$$\end{document}$ = $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1.37$$\end{document}$ s^--1^/Pa.
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The derivatives of the specific interaction forces $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{21}^{{({\text{X}})}}$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$f_{12}^{{({\text{X}})}}$$\end{document}$ would be positive and equal to each other (see Fig. [7](#Fig7){ref-type="fig"}a). According to popular wake-field models, such as the point-wake model^[@CR14],[@CR16],[@CR17],[@CR21],[@CR40]^ and the Kompaneets model^[@CR54]^, for the case where there is an ion drift weakly disturbed by the upstream microparticle, the derivatives $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{12}^{{({\upxi })}}$$\end{document}$ obtained at different pressures and RF powers in the X direction (**a**) and in the Y direction (**b**). Diamonds denote the experiments, for which the spectral densities are presented in Fig. [3](#Fig3){ref-type="fig"}.Figure 7Forces acting horizontally between particles in an isotropic plasma (**a**) and when a field is applied (**b**) and the nonreciprocity is rather strong $\documentclass[12pt]{minimal}
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The results of measuring the derivatives of the specific interaction forces in the Y direction turned out to be quite unexpected. Theoretical models^[@CR21],[@CR40],[@CR54]^ predict that in the presence of a weak wake field, the value of the derivative $\documentclass[12pt]{minimal}
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Under these assumptions, we can also estimate the force with which the lower particle acts on the upper one. Using the approximate equation^[@CR46]^$$\documentclass[12pt]{minimal}
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Conclusions {#Sec4}
===========

A new experimental method based on an analysis of the spectral density of random processes has been presented, allowing study of the nonreciprocal effective interaction forces between particles in non-equilibrium media. In contrast to previous investigations, this method does not require a special design of the experimental setup, external perturbations of the system, pre-measurements of external fields or any assumptions concerning the type of interaction.

The proposed method was used to examine the forces of the nonreciprocal effective interaction between two microparticles in a RF produced plasma sheath, depending on the buffer gas pressure (in the range from 70 to 280 mTorr) and the discharge power (from 1.6 to 14.3 W). It was found that the spectral density of oscillations for two interacting particles in the plasma sheath differs significantly from the spectrum found for a system with a reciprocal interparticle interaction. Approximation of the experimentally measured spectral densities employing analytical equations allowed a determination of the derivatives of the specific interaction forces and of the specific confinement forces, depending on the RF power and the gas pressure. Across all discharge parameters, the effective interaction between the particles was nonreciprocal. It was also observed that for a nonzero relative displacement of particles in the horizontal plane, an attractive force arises, tending to put the lower particle strictly under the upper one. Using the assumption of the charge fluctuation of the lower particle we determined that the attractor of the interparticle interaction potential is located between the particles. Finally, the force which the lower particle exerts on the upper particle was measured. This force increases with increasing RF power and gas pressure.

Analyzing the vertical oscillations of particles, we found that even small changes in the charge on the lower particle (on the order of 0.1--1%), caused by thermal motion in the wake field of the upper one can lead to a significant error in determining the effective interaction between the particles. As a result, even if there is a nonreciprocal attraction between the particles, the effective interaction between the particles in the vertical projection seems to be repulsive.

The results open novel prospects of investigations of various problems in physics of disperse systems with broken interaction symmetry, where the dynamical and structural characteristics of the system depend on the geometry of interactions between particles.

Methods {#Sec5}
=======

The source of stochastic motion of a microparticle in a dissipative medium can be specified by the random process $\documentclass[12pt]{minimal}
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                \begin{document}$${{T_{{}}^{{({\upxi })}} = S_{{}}^{{({\upxi })}} M} \mathord{\left/ {\vphantom {{T_{{}}^{{({\upxi })}} = S_{{}}^{{({\upxi })}} M} {2\nu }}} \right. \kern-\nulldelimiterspace} {2\nu }}$$\end{document}$. Note that, in active colloids and complex plasmas the fine particles may not necessarily be in thermodynamic equilibrium with the medium^[@CR25],[@CR27],[@CR29]^. However, there are a lot of experimental evidence of the applicability of the stochastic model ([6](#Equ6){ref-type=""}) for the description of dust dynamics in gas discharges. For example, the spectral density profile of oscillations of a single dust particle in a radio-frequency produced plasma sheath is fitted well to the amplitude variation of a driven damped harmonic oscillator^[@CR56]^, which is possible when the random movement of a dust particle is described by the process ([6](#Equ6){ref-type=""}). But the simplest proof of the Brownian motion of a dust particle in a RF plasma is that Gaussian distributions fit the experimental velocity distribution functions well in both the horizontal and vertical directions^[@CR50],[@CR56],[@CR57]^. Note that in this case the corresponding kinetic temperatures ($\documentclass[12pt]{minimal}
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The nonreciprocity of the wake-mediated interparticle interaction provides an additional mechanism for converting energy of the flowing ions into the kinetic energy of a pair-particle system^[@CR16],[@CR17]^. As a result, the average kinetic energy of each of the particles (in a certain direction) can be greater than $\documentclass[12pt]{minimal}
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